Abstract: Carbon fiber-reinforced polymers ͑CFRPs͒ have become increasingly important in recent years in bridge rehabilitation. Significant research has been done on the static behavior of CFRP-strengthened reinforced concrete ͑RC͒ structures; however, the fatigue behavior of such structures with interface defects subjected to harsh environmental conditions still needs to be investigated. Hence, an experimental program has been carried out to investigate the fatigue behavior, under a load range, which generates service load stress levels, of RC beams strengthened with CFRP fabrics. The effect of aggressive environments was studied by subjecting the test members to freeze-thaw, extreme temperature, ultraviolet light exposure, and relative humidity cycles. All beams survived 2 million fatigue cycles without showing significant bond degradation between composite and substrate. However, significant flexural stiffness degradation was observed in the conditioned specimens. The presence of defects also affected specimen stiffness; however, limited growth in defect size was observed due to fatigue cycling.
Introduction
More than one-fourth of the bridges in the United States are structurally deficient or functionally obsolete ͑ASCE 2005͒. Because of its deteriorated components, a structurally deficient bridge must be closed, or restricted as to the speed and weight of the vehicles it can accommodate. In part because of the scale of the problem in the United States, researchers are being forced to search for alternative bridge rehabilitation and repair methods that are fast and easy and also have a minimum effect on structural aesthetics. Since the 1960s, a bridge-strengthening technique using steel plate bonding has been commonly used to increase the strength and stiffness of reinforced concrete ͑RC͒ beams in flexure. However, more recently, carbon fiber-reinforced polymers ͑CFRPs͒ have gained popularity in bridge rehabilitation, as they offer some distinct advantages over steel plate bonding, such as resistance to corrosion and high stiffness-to-weight ratio. CFRP laminates also have the advantage of being lightweight and easy to handle. CFRP laminates can easily be bonded externally to RC beams, slabs, and columns, and have minimal effects on structural aesthetics. Further, use of CFRP laminates reduces labor costs, and this can assist in offsetting higher material costs. Meier and Kaiser ͑1991͒ reported that material costs accounted for 20% of overall rehabilitation cost, whereas labor accounted for the remaining 80%. Hence, materials that are easily handled, such as CFRP laminates, may reduce the total rehabilitation cost dramatically.
In recent years, significant research has been conducted on strengthening of RC structures with fiber reinforced polymers ͑FRPs͒; however, there is still much to be investigated. A lot of work has been done on fatigue resistance, but no research has been reported that tested fatigue combined with harsh environmental conditions. Fatigue is a process of progressive internal structural change in a material subjected to repetitive stresses ͑ACI 1974͒. These repetitive stresses may lead to internal cracking of a member that alters its stiffness and load-carrying characteristics. Hence, these repetitive stresses are especially important when it comes to the safety of structural members in bridge applications, which are continuously subjected to cyclic loading. This paper presents the results of an experimental program that consisted of tests on nine precracked RC beams retrofitted for flexure using CFRP fabrics. Three of the specimens had surface delaminations, and six of them were subjected to extensive environmental conditioning. All beams were tested under cyclic loading.
Research Significance
Many studies involving the strengthening of RC structural members with FRP laminates have focused on the static behavior of the members. However, fatigue significantly affects the structural integrity. Moreover, there has been little work to date on the effect of severe environmental conditions and the presence of defects such as delaminations. Other researchers ͑i.e., Harris et al. 2007͒ strongly suggested that the development of reduction factors for adhesively bonded FRP systems subject to fatigue loading needed to be addressed in developing design guidelines for externally bonded FRP systems. This study was undertaken to increase understanding of the long-term behavior of FRP retrofitted struc-tures in the presence of severe environmental conditions and fatigue. Although ACI Committee 440.2R-02 ͑2002͒ provides environmental reduction factors for strength calculations, currently no information or guidance is available for stiffness degradation due to fatigue loading. The study was also undertaken to validate or discredit the current ACI 4402R-02 ͑2002͒ recommendations on defect repair or FRP replacement with a view to examine the behavior of defects subjected to environmental conditioning and stress.
Review of Literature

Fatigue in Metals, Composites, and Concrete
Fatigue failure in metals leads to crack initiation and growth. Microcracks grow to form cracks of detectable size. This is followed by the continued growth of a single crack until final fracture. The period of crack initiation and growth covers most of the fatigue life ͑Pritchard 1999͒.
In fiber reinforced composites with continuous fibers, the fatigue process is characterized by the initiation and multiplication of cracks, rather than initiation and propagation. Crack initiation occurs early in the fatigue life, and coincides with cracking of the weakest ply ͑Pritchard 1999͒. However, fibers in unidirectional composites have relatively few defects, so any crack that forms does not easily travel across the matrix. This contributes to the fatigue resistance of FRPs ͑Barnes and Mays 1999͒. In a research study conducted by Curtis ͑1989͒, the fatigue life or endurance limit of unidirectional carbon fiber/epoxy strips at 2 million cycles was found to be 1.5 GPa. Curtis claimed that the fatigue resistance of unidirectional composites might be expected to depend solely on fibers. Hence, carbon fiber composites are believed to have higher resistance to fatigue as compared with metals.
ACI Committee 215 ͑1974͒ says that the fatigue of concrete is characterized by considerably larger strains and microcracking as compared with fracture under static loading. Even though concrete is not believed to have an endurance limit, it is generally taken to be 55% of static strength in compression at 10 million cycles. Concrete is also a notch-insensitive material, in that discontinuities do not affect the fatigue resistance in compression.
Fatigue in Reinforcing Steel and Reinforced Concrete Beams
Fatigue failure of reinforcing steel is caused by crack initiation and growth; however, cracks initiate at locations on the bar surfaces, which are under the effect of stress concentrations. Because the maximum stress occurs at a limited number of points in RC beams, the possibility of coinciding with a crack is very low, which improves the fatigue life of the reinforcing bar embedded inside concrete as compared to that of a bar tested in air under direct tension ͑Barnes and Mays 1999; Papakonstantinou et al. 2001͒ .
The fatigue resistance of RC beams depends also on composite action between the reinforcing steel and concrete. It was reported by Barnes and Mays ͑1999͒ and Papakonstantinou et al. ͑2001͒ that the failure mechanism of RC beams may differ from static failure because of the redistribution of the stresses as stress cycles progress and cracks propagate. Hence, the major factor affecting the fatigue life of reinforced concrete beams is the steel reinforcement.
Fatigue in RC Beams Strengthened Using CFRP Laminates
Studies on fatigue resistance of externally FRP bonded RC beams began in the early 1990s. Researchers have reported that the fatigue resistance of RC beams significantly improves after strengthening by externally bonded FRP laminates ͑Barnes and Mays 1999; El-Tawil et al. 2001; Senthilnath et al. 2001; Brena et al. 2002; Wang et al. 2007͒ . It has also reported by Papakonstantinou et al. ͑2001͒ that use of the laminates leads to a fatigue life of as much as three times that of a nonstrengthened beam under the same load range. Shahawy and Beitelman ͑1999͒ noted a significant improvement in fatigue life even when the RC beams were severely damaged before rehabilitation. An improvement in fatigue life after strengthening with FRP laminates is expected, as the increase in stiffness and strength reduces crack propagation, leading to a reduction in stresses in the reinforcing steel. However, a reduction in ductility has also been reported ͑Shahawy and Beitelman 1999͒. Ekenel ͑1994͒ have also reported that the fatigue strength at 2 million cycles of load repetition for an RC beam bonded with a CFRP plate was 57% of the static strength of the same beam. Gheorghiu et al. ͑2007͒ studied the fatigue durability of RC beams strengthened with CFRP laminates on small-scale beams. They concluded that the CFRP-concrete joint appears to be altered by the fatigue loading without affecting the ultimate capacity of the beams.
Although the fatigue performance of RC beams strengthened with FRP laminates has been studied, the writers are not aware of any current or completed research studies that have examined the effect on fatigue resistance of severe environmental conditioning combined with surface defects ͑i.e., delaminations͒. Lopez et al. ͑2003͒ carried out fatigue tests under very low temperatures ͑29°C below zero͒. He reported the sequence of failure as failure induced by debonding between the CFRP laminate and the concrete, which is converse to the sequence mentioned by Barnes and Mays ͑1999͒ and Papakonstantinou et al. ͑2001͒. Lopez concluded that fatigue at low temperatures decreases the strength of the FRP/concrete interface and increases the stiffness of the concrete. Masoud et al. ͑2001͒ also performed a series of fatigue tests on CFRP-strengthened, corroded specimens. He found that the fatigue life was increased 2.5-6.0 times over that of nonstrengthened samples, but that it was lower than that of the uncorroded specimens. Grace ͑2004͒ noted that the load-carrying capacity of CFRP-strengthened RC beams was reduced after long-term exposure to 100% humidity ͑up to 10,000 h͒, dry heat, freezing and thawing ͑up to 700 cycles͒, and thermal expansion environmental conditions ͑48.9°and 26.7°C͒. Soudki et al. ͑2007͒ researched the fatigue life of corroded RC beams strengthened with flexural FRP sheets and FRP U wraps. Results showed that a mild level of corrosion ͑5% theoretical mass loss͒ caused, on average, 10 and 20% reductions in the flexural and bond failure strength, respectively. The writers also concluded that strengthening the corroded beams with FRP sheets enhanced the fatigue behavior of the beams.
Delaminations
The American Concrete Institute ͑ACI͒ Committee 440.2R-02 ͑2002͒ document requires the evaluation of delaminations and air voids, with a minimum detectable size of 1,300 mm 2 , between multiple plies or between the FRP system and the concrete. Other criteria from ACI Committee 440.2R-02 ͑2002͒ regarding evaluation of delaminations may be noted, such as the total delamination area should be less than 5% of the total laminate area; no more than 10 delaminations are permitted per 1 m 2 ; large delaminations ͑greater than 16,000 mm 2 ͒ should be repaired by cutting away and applying a new patch; and delaminations smaller than 16,000 mm 2 may be repaired by resin injection or ply replacement. Testing of CFRP-strengthened RC beams with surface defects in the form of delaminations, under fatigue loading without environmental conditioning, was studied by Senthilnath et al. ͑2001͒. They applied a loading range between 31% and 58% of the ultimate moment capacity of the section. They also monitored the delaminations using thermography during the cycling process, and reported an insignificant growth in delamination sizes after fatigue testing for 2 million cycles without environmental conditioning. They also noted that ACI 440.2R-02 ͑2002͒ requirements appeared to be conservative. Shih et al. ͑2003͒ examined, via infrared thermography, artificially induced air voids between the CFRP laminate and concrete substrate, to evaluate the influence of air voids on the structural performance of FRP-strengthened RC elements. RC beams with FRP strengthening with ͑1͒ perfect bond; ͑2͒ small blisters ͑2.04% loss of area͒; and ͑3͒ larger blisters ͑5.29% loss of area͒ were tested under static loading, and moment-curvature diagrams were plotted. The conclusion was that voids with varying unbonded areas have a tendency to influence flexural performance, whereas larger void areas have a greater influence on strength and deformation.
Experimental Investigation
The following explains materials properties, specimen preparation, test setup, and procedures.
Material Properties
The design strength f c Ј of the concrete was measured as 27.5 MPa at 28 days in accordance with ASTM C 39-01 ͑2001͒. All samples were prepared from the same batch of concrete. The modulus of elasticity E c of the concrete was measured as 25.8 GPa at 28 days in accordance with ASTM C 469-94 ͑1994͒. The yield strength f sy and the modulus of elasticity E s of the flexural steel were determined as 413 MPa and 200 GPa in accordance with ASTM A 370-02 ͑2007͒.
The CFRP sheets had a thickness t s = 0.165 mm and a width w s = 203 mm; the area of the cross section was A s = 33.55 mm 2 . The ultimate strength f fu,s and the elastic modulus E f,s of the CFRP sheets were 3.8 and 227.5 GPa, respectively. The ultimate tensile strain, fu,s was 0.0167. It is noteworthy to mention that the CFRP sheet properties are fiber related ͑not cross section related͒ and reported by the manufacturer.
Analytical Design
The models used to predict the ultimate flexural capacity of the critical section utilize strain compatibility, force equilibrium, and constitutive relations of the materials. The strain distribution across the section was calculated assuming that the strains in the reinforcement and concrete are directly proportional to the distance from the neutral axis. The concrete was assumed to fail when it reached the ultimate compressive strain value cc max = 0.003. The steel reinforcement was idealized as linear up to yielding and then perfectly plastic. The strain at yielding ͑ y ͒ was calculated to be 2,070 . The concrete in tension can be modeled as f ct = E c ct with 0 ഛ ct ഛ ctu . According to ACI Committee 318 ͑2005͒, the maximum tensile stress in bending load is given by f ctu = 0.62 ͱ f c Ј= 33 MPa; therefore, the maximum allowable strain before cracking is ctu = ͑f ctu / E c ͒ = 127 .
The bonded CFRP laminates are idealized as linear elastic up to failure. Therefore, the relation between strain f and stress f f is characterized by f f = E f f with 0 ഛ f ഛ K m fu , where E f = modulus of elasticity and fu = strain at rupture. It may be noted that the ACI 440.2R-02 ͑2002͒ design approach places a limitation on the strain level developed in the laminate using a knock down factor, m , to avoid cover delamination or FRP debonding. Using this approach, the m factor for the CFRP fabricstrengthened beam without additional anchorage is determined as 0.893. The m is set equal to one for the beam strengthened with FRP fabrics using anchor spikes. The presence of the anchor spikes reduces the probability of having cover delamination or FRP debonding at the ends of the fabric ͑Eshwar et al. 2005; Smith and Teng 2001͒. The anchor spike application is addressed under the section entitled "Specimen Preparation."
The design parameters used for the laminate are: design stresses ͑f fu ͒ of 3,385 MPa; strains ͑ fu ͒ of 14,880 ; axial stiffness ͑AE͒ of 7,633 N; and maximum tensile force ͑A m f fu ͒ of 113.6 kN. The computations resulted in cracking, yielding, and failure loads of, respectively, 9.8, 25.5, and 29.5 kN for an unstrengthened beam. The yielding and failure loads for the CFRPstrengthened beams were, respectively, 35.5 and 54.5 kN. The theoretical failure loads for CFRP fabric-strengthened beams and CFRP fabric-strengthened beams with anchor spikes are the same ͑concrete crushing͒.
Specimen Preparation
Nine RC beams were fabricated in the laboratory. The beams were 254 mm wide by 165 mm high, with a length of 1981 mm. The tension and compression reinforcements consisted, respectively, of three and two 9.5-mm-diameter steel reinforcing bars. All beams were provided with shear reinforcement consisting of 6.4-mm-diameter bars at a 152 mm spacing. The beams were designed to fail in flexure. The reinforcement ratio was calculated as 0.0073, which is between minimum ͑0.0033͒ and maximum ͑0.021͒ values in accordance with ACI 318 ͑2005͒. The dimensions and cross-sectional details of the test beams are shown in Fig. 1 . All the beams were scheduled to be tested under cyclic loading. Table 1 shows the details of the fatigue test program. The test samples were divided into two groups: Group I samples were maintained in laboratory conditions, whereas Group II samples were subjected to environmental conditioning and sustained loading of 40% of ultimate capacity.
Eight out of nine beams were strengthened with CFRP fabrics. One beam was maintained as a control sample. The CFRP fabric was applied as a single ply along the length of the test span. The
JOURNAL OF COMPOSITES FOR CONSTRUCTION © ASCE / MARCH/APRIL 2009 / 95
CFRP fabric was attached to the tension face of the test specimens. The tension faces of beams were prepared by wire brushing and application of pressurized air to ensure cleanliness and roughen the surface. Except for cleaning, no other surface preparation method was applied, so as to simulate a worse-case situation for the installation of the laminate. A thin layer of primer was applied to the tension surface, and then a bonding agent of epoxy was applied on the primer-coated surface. Placement of CFRP fabrics followed the application of the epoxy. Another layer of epoxy was applied to saturate the carbon fibers. Finally, the CFRP fabric was pressed down by rolling over a spike roller to avoid the formation of air voids. The specimens were cured for 72 h in a laboratory environment, in accordance with the manufacturer's recommendations.
As shown in Table 1 , three of the CFRP fabric-strengthened beams were used to study surface defect ͑S5, S7, and S9͒. Delaminations were formed immediately after the application of the final layer of epoxy, when the epoxy was still in a fresh state. Three spots on the laminate were pinned and a small amount of pressurized air was compressed beneath the CFRP fabric, thus creating delaminations. Excess air was removed using a medical injector. To give the final shape to the delaminations, the spike roller was rolled around the perimeter of the delaminations. The delaminations were as follows: one delamination at the middle ͑between loading heads͒ and two delaminations outside the region of constant moment ͑between loading heads and supports͒ ͑Fig.
2͒.
Because one of the purposes of this research was to investigate the environmental conditioning effect, six of the samples in the second group ͑see Table 1͒ were paired with one with delamination and one without delamination and stored under different environmental exposures. One pair of specimens was maintained in an open-air exterior environment for 1 year, and two pairs were kept inside of a chamber where the samples were exposed to severe environmental conditioning ͑Fig. 3͒. The exterior weather conditions in Rolla, Mo., exhibit annual average high and low temperatures, respectively, of 32 and −5°C. The highest recorded percent of annual humidity is 74 ͑Weather Records and Averages 2004͒. Data collected from the National Climatic Data Center One pair of samples was maintained in a chamber conditioned under four environmental cycles. A second pair of samples was conditioned similarly except for eight environmental cycles. One conditioning cycle was made up of 50 freeze and thaw cycles between −18 and 4°C; 60 extreme temperature cycles between 27 and 49°C; 120 relative humidity cycles between 60% and 100%; and UV light exposure during high-to-low temperature cycles. The exposure regime is presented in Fig. 4 . The environmental chamber conditions are considered to be more severe than exterior conditions in Missouri for both temperature and humidity. Eight environmental cycles consisted of 45 days of continuous freeze and thaw, 60 days of continuous extreme temperature, and 34 days of continuous relative humidity cycles. All three pairs of strengthened specimens were also maintained under sustained loading. Sustained load was chosen as 21.0 kN, which corresponds to 40% of the predicted ultimate moment capacity of the beam.
Four anchor spikes were applied on one of the CFRPstrengthened beams. The anchors were located where high peel and shear stresses may develop during flexural testing. The purpose was to prevent the premature peeling of CFRP laminates by anchoring them to the concrete. Proper anchoring helps the CFRP laminate to develop higher stresses along its length ͑Barnes and Mays 1999͒. Based on previous research done at the University of Missouri-Rolla, the presence of these spikes increases the flexural strength of strengthened beams by as much as 35%, compared to beams without anchor spikes ͑Eshwar et al. 2005͒. Anchor spikes were formed from dry glass fibers, half coated with epoxy. The epoxy-coated part had a diameter of ϳ9.5Ϯ 1.5 mm ͑see Fig. 5͒ . First, four holes were drilled in concrete, the holes having dimensions of 25.4 mm ͑depth͒ and 12.7 mm ͑diameter͒. The plan is illustrated in Fig. 6 . Primer was then applied on the tension side of the beam, followed by saturant. The holes were also filled with saturant to half of their depth. After application of the CFRP fabric, the precured part of the anchor spikes was inserted into the holes through the fabric. The dry fibers were then fanned out over the CFRP fabric. Finally, a second layer of saturant was applied and roller spikes were run over the CFRP fabric to remove the air from beneath the fabric. The CFRP was cured for 72 h in a laboratory environment, in accordance with the manufacturer's recommendations.
To investigate the effect of environmental conditioning on bond behavior between the CFRP fabric and concrete substrate, six shear bond test samples were prepared. The concrete blocks were 152 mm by 152 mm in cross section, and 254 mm long. The CFRP fabric strips were 813 mm long and 76 mm wide. Two fabric strips were bonded on both sides of the concrete blocks. The bonded part of the CFRP fabric strip was 254 mm long on each side of the concrete blocks. The distance between two blocks was 305 mm. The test setup is shown in Fig. 7 . Three of these samples were kept in laboratory conditions, whereas the remaining three were kept in the environmental chamber for one cycle ͑see Figure 4͒ .
Test Setup and Procedures
All beams were precracked by loading up to the theoretical cracking moment, and tested in fatigue over a simply supported span of 1,829 mm. A sketch of the test setup is presented in Fig. 1 . Three stress frames were assembled for sustained loading and designed to maintain two specimens at a constant load level. The beams were stacked one above the other, and two springs were placed between the two beams to transfer the load. The ends were restrained and tightened until the appropriate load level was obtained. The springs used in this test setup were compressed in a testing machine in the linear range prior to their being assembled in the frame; 25 mm of displacement in two springs corresponded to the required load level of 21 kN. The displacement in the springs was checked once a day for the first 2 weeks, then once a week to verify that a constant load was being applied to the beams. A constant spring displacement was maintained during the sustained loading to ensure that the sustained loading was not fluctuating. In order to obtain an identical exposure, the beams were rotated on a periodic schedule throughout the environmental exposure timeline ͑the upper beam was moved to bottom, and bottom beam was moved to up͒. A picture of a complete assembled stress frame is presented in Fig. 3 .
All beams were tested under fatigue loading in a cyclic range between a minimum 33% and a maximum 63% of the ultimate moment carrying capacity ͑see Table 1͒ . These load percentages were extrapolated based on safety factors proposed by AASHTO ͑2002͒, which simulate common service conditions that a structure like a bridge might experience during its service life. Consequently, a load range between 33% and 63% of the member's predicted ultimate capacity was assumed to cover the lower and upper limits of service loads ͑see Table 1͒ . Subjecting all the beams to the same percentage of their ultimate moment capacity appeared to be a reasonable way to perform a fair analysis between strengthened and unstrengthened beams. The tests were terminated either when the beam failed or at the end of 2 million cycles, whichever occurred first. Two million cycles is a standard exposure length in laboratory conditions. Although a bridge might be exposed to higher cycles during its lifetime, within the confines of the research program conducted herein, it was not practical to conduct cycling on each beam for periods in access of 2 million cycles, which took 12 days. Another reason that tests were terminated at 2 million cycles is that there were insignificant changes observed in the stiffness of the beams beyond 0.5 million cycles.
The frequency of the fatigue testing was 2 cycles/ s ͑Hz͒. This frequency was selected based on recommendations by Barnes and Mays ͑1999͒, who suggested keeping the testing frequency below 3 Hz to avoid a hysteresis effect. Emberson and Mays ͑1996͒ have shown that frequencies above 2 Hz could cause the RC beam to start a cycle before having fully recovered from the previous one.
Before the start of the actual fatigue testing at 2 Hz, a tencycle fatigue test was performed to measure the midspan displacement and to calculate the stiffness of the beam. The frequency was adjusted to 0.1 Hz during this 10-cycle fatigue test to capture an adequate number of data points. The same tests were performed during the fatigue testing after every 0.5, 1, 1.5, and 2 million cycles. The displacement at midspan was measured using a linear variable differential transformer. The data were captured via a data acquisition system using MatLab ͑The mathworks, Natick, Mass.͒ One of the delaminations on Beam S-5 was also instrumented with two strain gauges: one placed at the center of delamination, and the other attached to the disband interface between the delamination and the concrete ͑to observe the delamination behavior during cycling͒. Moreover, all the delaminations were scanned after every 0.5 million cycles using a microwave technology method, to observe whether there was a discernible change in delamination size.
As a pilot study, shear-bond tests were performed on sample concrete blocks with a hand-operated jack placed between the two blocks ͑Fig. 7͒. The main purpose of this pilot study was to investigate the effect of environmental conditioning on bond strength between the CFRP fabric and concrete substrate. Hence, the test setup was designed to put the CFRP-concrete interface into pure shear. The jack used had a capacity of 111.0 kN. The load was measured via a load cell with a capacity of 222.4 kN. Care was taken to apply the load at the center of the section to avoid any eccentricity in applied loading.
Experimental Results and Discussions
Fatigue Test Results
In Fig. 8 , the midspan displacements are plotted against the applied load during the 10-cycle fatigue test for the unstrengthened beam after the first cycle and after 2 million cycles. The flexural stiffnesses of the first cycle and the 2-millionth cycle were calculated, respectively, as 7.45 and 6.30 kN/ mm, which corresponds to a 16% decrease. The CFRP fabric-strengthened beam showed an increase in stiffness approximately two times that of the unstrengthened beam during the initial cycle, which was 14.80 kN/ mm. A second example of stiffness measurements is presented in Fig. 9 for Beam S-4. The stiffnesses of the initial cycle and the 2-millionth cycle were calculated, respectively, as 15.76 and 11.67 kN/ mm. This corresponds to a 25% decrease in stiffness. The stiffness calculations for all beams are presented in Fig.  10 . As illustrated in Fig. 10 , most of the stiffness loss occurred between the first cycle and the 0.5 million cycle. It can also be interpreted from Fig. 10 that the samples with defects, when compared to their companion specimens without defects, exhibited lower stiffness throughout the cycling regime.
The calculated stiffness loss at 2 million cycles relative to the first cycle for each beam, and stiffness at the 2-millionth cycle relative to stiffness of Beam S-2 are summarized in Table 2 . The data exhibit an average loss of 15 and 25%, respectively, for laboratory-conditioned and environmentally conditioned beams. After 2 million cycles, all beams except the beam with anchor spikes ͑S3͒ showed a lower stiffness as compared to the control sample. The highest decrease, of 34%, was exhibited by Beam S-7. The long-term environmental conditioning ͑eight cycles͒ yielded a reduction in stiffness as low as 0.74 times for Beam S-6. The short-term exposure ͑four cycles͒ caused a reduction of 0.93 times for Beam S-4. These reduction values are based on the ratio of stiffness measurements for defect-free beams exposed to the environmental condition, to the same measurements for the unexposed control sample after 2 million cycles. Fig. 11 shows the measurements obtained by the strain gauges positioned over and at the interface of a delamination on Beam S-5. The increase in strain value obtained by the interface strain gauge between the initial cycle and the 0.5 million cycle can be indirectly interpreted as some level of delamination growth. The change was minimal between 0.5 and 2 million cycles ͑see Fig.  11͒ . However, this does not give an idea of the magnitude of the delamination size or change in the size as it was performed on one delamination with a strain gauge length of 5 mm. Using microwave technology method evaluations an insignificant ͑i.e., minimal Ͻ5% by area͒ growth in the defect between the initial and the 0.5 million cycle was observed ͑Ekenel et al. 2004͒. The insignificant growth can also be seen in the microwave pictures of the delaminations, taken at the first cycle and the 2-millionth cycle ͑Ekenel et al. 2004͒. However, the growth did not appear to affect the behavior of the specimen other than to increase the stiffness loss throughout cycling. No noticeable growth in delamination size occurred between the 0.5 million cycle and the 2-millionth cycle, based on the microwave technology imaging. Table 3 shows the recorded area of delaminations via microwave inspection. The total CFRP fabric area was 361,290 mm 2 . The total delamination area was divided by the total CFRP fabric area to obtain the percent of total delamination area. The percent delamination areas were, respectively, 3.85, 3.00, and 4.20 for Beams S-5, S-7, and S-9. These areas were consistent with ACI 440.2R-02 ͑2002͒ requirements. However, the individual delamination areas were higher than the ACI 440.2R-02 ͑2002͒ requirement for permissible noninjected delaminations ͑i.e., defects͒; the areas ranged between 1,613 and 6,813 mm 2 .
Delamination Sizes and Growth during Cycling
Shear-Bond Test Results
The average failure load for laboratory-conditioned samples was 72.10 kN with a standard deviation of 2.80 kN. The environmental chamber-conditioned samples showed an average failure load of 37.30 kN with a standard deviation of 4.30 kN. The decrease in strength was 48% for the chamber-conditioned samples as compared to laboratory-conditioned samples. All samples failed via CFRP debonding; however, it was observed during posttest examination that the CFRP sheets from the unconditioned samples had additional concrete that was rough and angular in texture, indicating that the failure was primarily in the concrete substrate. In contrast, the specimens that were conditioned had less concrete substrate adhered to the CFRP laminate sheet, and its texture was smoother. From this visual inspection, the writers concluded that the environmental conditioning applied during this research affected the bond between the CFRP sheet and the concrete substrate. This is consistent with previous work conducted by Murthy et al. ͑2002͒ . Because the interface between the CFRP fabric and the substrate in the shear-bond test samples was subjected to pure shear, these test results, in terms of the level of degradation, cannot be directly correlated to the flexural or fatigue test results. However, the results of the shear-bond test provide supportive evidence that the bond between the concrete substrate and the FRP is affected by environmental conditioning and sustained load. These results support the notion that degradation in bond or a partial loss in bond ͑i.e., defect͒ will correspond to stiffness degradation in the member.
Conclusions and Recommendations
Based on the results of the experimental investigation presented in this paper, the following conclusions can be drawn:
1. Fatigue resistance of RC beams is improved by strengthening with CFRP fabrics. The increase in stiffness of the CFRP control beam was approximately two times that of the unstrengthened beam. All CFRP-strengthened beams survived fatigue testing of 2 million cycles. 2. Environmental conditioning and sustained load significantly affected the flexural stiffness of the beams. This research presented herein showed that defect-free ͑i.e., free of delaminations and disbonds͒ CFRP-strengthened members using manual wet lay-up subjected to the combined effects of fatigue loading and long-term/harsh environmental conditions yielded a reduction of 0.74 in stiffness. The reduction for defect-free CFRP manual wet lay-up-strengthened members subjected to combined effects of fatigue loading and shortterm/mild environmental conditions was 0.93. These findings are presented to aid future researchers in setting durability reduction factors. Future design guidelines for externally bonded FRP systems should include the development of reduction factors for adhesively bonded FRP systems subject to fatigue loading. 3. Delaminations significantly decreased the stiffness of the CFRP-strengthened beams, the average decrease being 15% relative to specimens without defects. Microwave nondestructive evaluation of delaminations showed an insignificant growth ͑Ͻ5% based on defect area size͒ in defects during cycling despite harsh environmental preconditioning under sustained loading. 4. Even though the individual delamination areas were higher than current ACI 440.2R-02 ͑2002͒ document requirements, they did not appear to affect the behavior of specimens other than the associated increased stiffness loss throughout cycling. Hence, the ACI 440.2R-02 ͑2002͒ requirement for permissible delamination size appears to be conservative even for specimens subjected to environmental conditioning and stress. 5. The shear-bond tests confirmed that environmental conditioning applied in this research significantly affected bond strength in direct shear. 6. Although it has been demonstrated that the use of anchor spikes can significantly increase the ultimate capacity of the strengthened beams, as compared to CFRP-strengthened beams without anchor spikes ͑Ekenel et al. 2006͒, this research showed an insignificant difference in stiffness loss under the applied fatigue load levels ͑at service load levels͒ when comparing an CFRP-strengthened beam with anchor spikes and an CFRP-strengthened beam without anchor spikes.
